REMARKS 

This Preliminary Amendment cancels the original claims, without prejudice, in the 
underlying PCT Application No. PCT/EP2004/050903. The Preliminary Amendment also adds 
new claims 1 1-20. The new claims conform the claims to U.S. Patent and Trademark Office 
rules and do not add new matter to the application. 

In accordance with 37 C.F.R. § 1.125(b), the Substitute Specification (including 
the Abstract) contains no new matter. The amendments reflected in the Substitute Specification 
(including Abstract) are to conform the Specification and Abstract to United States Patent and 
Trademark Office rules or to correct informalities. As required by 37 C.F.R. §§ 1.121(b)(3)(h) 
and 1.125(c), a Marked-Up Version of the Substitute Specification comparing the Specification 
of record and the Substitute Specification also accompanies this Preliminary Amendment. 
Approval and entry of the Substitute Specification (including Abstract) are respectfully 
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The underlying PCT Application No. PCT/EP2004/050903 includes an 
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Applicants assert that the subject matter of the present application is new, non- 
obvious, and useful. Prompt consideration and allowance of the application are respectfully 
requested. 

Respectfully submitted, 

KENYON & KENYON 
lS~~V_ U.Y^ 

Dated: l/cK)o^ By: ^ C ^ 

Gerard A. Messina 
Reg. No. 35,952 

One Broadway 

New York, NY 10004 

(212) 425-7200 



NY01 1074914 vl 



6 



10/566127, 
WP9 Bec f dPCTffTO 2 5 JAN MOf 

[10191/4325] 

REGULATION STRATEGY FOR ELECTROMECHANICALLY 
POWER-SPLITTING HYBRID DRIVE SYSTEMS 



Field Of The Invention 

The invention concerns a method for regulating an electromechanically power-splitting hybrid 
drive system of a motor vehicle having an internal combustion engine and two electric motors 
that are coupled by way of a downstream transmission, as well as an electromechanically 
5 power-splitting hybrid drive system for a motor vehicle. 

Background Of Th e lnventio n lnformation 

Whereas known manually shifted and automatic transmissions for motor vehicles have stepped 
drive ratios and therefore do not allow the internal combustion engine to be operated in the 
range of high efficiencies in every driving situation, this problem can be eliminated by an 

10 electromechanically power-splitting hybrid drive system. Hybrid drive systems of this kind are 
disclosed, for example, in &Er-German Published Patent Application No. 198 42 452 A4- 
(Toyota hybrid system), QEGerman Published Patent Application No. 199 03 936-A4- (Dual-E 
transmission) or GEGerman Published Patent Application No. 199 09 424Ai (SEL 120/3 
transmission). All these drive systems possess, in addition to the internal combustion engine, 

15 two electric motors that constitute an electrical actuating gear drive. The internal combustion 
engine and the electric motors are coupled by way of a downstream mechanical transmission 
having planetary stages, in which transmission the drive power of the internal combustion 
engine is divided into two power components. Whereas the one power component is transferred 
mechanically, and thus at high efficiency, to the transmission output shaft and thus to the motor 

20 vehicle's wheels, the other power component is converted into electrical power by the one 

electric motor in generator mode, and fed back into the transmission by the other electric motor 
in motor mode. 

In drive systems of this kind, an additional starter and generator can be dispensed with. The 
electric motors start the internal combustion engine and generate the electrical power necessary 
25 for an electrical system of the motor vehicle that encompasses an energy reservoir for the 

electrical power that is generated. Also possible, in addition to a hybrid mode in which both the 
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internal combustion engine and the electric motors operate, is a boost mode and a purely 
electrical driving mode; in the latter, electrical power is taken from the energy reservoir. 

In hybrid mode, the decoupling of the rotation speeds of the two electric motors results in one 
rotation speed degree of freedom; this means that for a specified vehicle speed and therefore a 
5 specified rotation speed at the transmission output shaft (and for a specified gear ratio, in the 
case of the SEL or Dual-E transmission), the rotation speed of one of the two electric motors 
can be selected without restriction (within physical limits). The rotation speed of the second 
electric motor and the rotation speed of the internal combustion engine are then determined by 
the coupling conditions of the downstream transmission. This rotation speed degree of freedom 

10 is used to operate the drive train in the range of high efficiencies. A control system of the motor 
vehicle substantially takes into account its speed and the actual rotation speed of the 
transmission output shaft, as well as the mechanical power requested by the driver (accelerator 
pedal position) and the electrical power needed to supply the vehicle's electrical system, and on 
the basis of these parameters defines the rotation speed degree of freedom that is present, as 

1 5 well as the torques of the three drive units. 

With the known methods for regulating a drive system of this kind having one rotation speed 
degree of freedom, one of the electric motors is operated in rotation-speed-regulated fashion, 
while the internal combustion engine and the other electric motor are torque-controlled, or the 
latter is torque-regulated in the case of an electric motor having a current regulator or 

20 field-oriented regulation system. In other words, a control system of the motor vehicle drive 
system specifies the target rotation speed of the rotation-speed-regulated electric motor, the 
target torque of the torque-controlled electric motor, and the target torque of the 
torque-controlled internal combustion engine. The two torque-controlled drive units influence 
not only the torque at the transmission output shaft but also the torque that occurs at the 

25 rotation-speed-regulated drive unit or is set there by a rotation speed controller of that unit, and 
is specified as the target value for its subordinate current regulation system. Ideally, this torque 
corresponds to a target torque, calculated in advance in the control system, for the 
rotation-speed-regulated electric motor. 

With the known method, however, inaccuracies present especially in the torque control actions 
30 in the internal combustion engine, and inaccuracies in the friction conditions of the 

transmission, have an effect on the rotation-speed-regulated electric motor, with the result that 
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the torque established at that electric motor by the rotation speed controller can deviate 
considerably from the target torque calculated in advance in the control system. 

Certain negative effects result therefrom. On the one hand, in such a case the electrical power of 
the rotation-speed-regulated electric motor also deviates from the target value. The electrical 
5 power fed into the electrical system then does not correspond to the control system's 

specification, thus negatively affecting the electrical system. In addition, the power limits of the 
electrical energy reservoir can also be exceeded, e.g. in the context of energy recovery during a 
braking operation or in boost mode. On the other hand, inaccuracies can cause the 
rotation-speed-regulated electric motor to arrive at its maximum torque limit, which is 
10 equivalent to a limitation of the manipulated variable for the rotation speed control loop. The 
link established with the rotation speed regulation system thereby becomes ineffective. Without 
further interventions on the torque-controlled second electric motor or the torque-controlled 
internal combustion engine, control of the system becomes lost. 

In dynamic mode, the torque-controlled drive units can be pilot-controlled based on a 
15 knowledge of the inertias that need to be compensated for. Additional inaccuracies may 
nevertheless be expected in this context, with effects in turn on the torque of the 
rotation-speed-regulated electric motor. 

Advantag e s &vmma/T Of The Invention 

The electromechanically power- splitting hybrid drive system according to the present invention 
20 and the method for regulating it , having th e f e atur e s of Claims 1 and 8 r e sp e ctiv e ly , have the 
advantage, in contrast, that the task of rotation speed regulation is distributed among all the 
units, i.e. the internal combustion engine, the first electric motor, and the second electric motor, 
in order to eliminate the disadvantages described above. With the features according to the 
present invention, inaccuracies in the friction conditions of the transmission and inaccuracies 
25 when controlling the torque of the internal combustion engine are taken into account, and their 
effects on the electrical power fed into the vehicle's electrical system are minimized. 

In addition, there is much less risk of losing control of the system as a consequence of 
manipulated variable limitations. Further advantages include active damping of undesired 
rotational oscillations of a drive train of the drive system. The method according to the present 
30 invention can moreover advantageously be carried out using an ordinary control device 

structure in which each of the three drive units has a control device associated with it, e.g. an 
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engine control device for the internal combustion engine and one inverter with controller for 
each of the two electric motors, and in which the control devices communicate with one another 
via a bus connection. 

Because the specified target torque is implemented with sufficient accuracy in modern electric 
5 motors, whereas greater deviations between the target torque and the actual torque generated at 
the crankshaft usually occur in the case of the internal combustion engine, a preferred 
embodiment of the invention provides for an I, PI, or PID controller to be used as the rotation 
speed controller for the internal combustion engine, whereas P or PD controllers are used as 
rotation speed controllers for the electric motors. 

10 According to an advantageous embodiment of the invention, the rotation speed controllers each 
constitute part of a decentralized rotation speed control loop of the internal combustion engine 
and the electric motors respectively, which are implemented in the control devices of the 
individual units and are not connected via a bus system, so that long signal transit times are 
avoided and high bandwidths can thereby be attained. For specification of the target torques 

1 5 and target rotation speeds from the control system to the control devices, on the other hand, it is 
advantageous to use a bus system that is usually present in modem motor vehicles. 

The controller parameters of the rotation speed control loops, and initialization of an integral 
component of the rotation speed control loop of the internal combustion engine, are preferably 
also specified by the control system, with the result that the regulation behavior and active 
20 rotational oscillation damping can be adapted to the particular operating state of the drive train. 
It is thus possible to separately consider and optimize, for example, starting and stopping 
operations of the internal combustion engine, which involve transition through a resonant 
frequency imposed by its two-mass flywheel, with no need to modify the controller structure. 

In most operating states of the hybrid drive system, one of the two electric motors works as a 
25 motor while the other works as a generator. By suitable specification of controller parameters 
adapted to the operating state, the effects of controller interventions on the electrical power fed 
into the vehicle's electrical system can be minimized. 

At a specified vehicle speed and therefore a defined actual rotation speed at the transmission 
output shaft, one rotation speed degree of freedom exactuals in the transmission. If there is a 
30 risk of distributing the system of three rotation speed control loops, for example as a 

consequence of inaccuracies or time delays in sensing rotation speeds, bandpass filters (not 
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depicted) can be provided on one or two rotation speed control loops before or after the rotation 
speed controller, in order to limit the controller intervention to the frequency range of the 
undesired drive train rotational oscillation. If manipulated variable limitations or large system 
deviations appear imminent, the control system should cancel the effect of the bandpass filters 
5 so that all the units are utilized to maintain the rotation speed link. 

DrawingTh e invention will b e d e scribed below in mor e d e tail in an e x e mplifying e mbodiment, 
with ref e r e nce to th e r e levant drawings. Th e singl e ff/vW Description Of The Drawing 
The Figure schematically depicts a hybrid drive system for a motor vehicle with an associated 
control strategy. 

Detailed Description Of Th e Exemplary Embodim e nt 

The electromechanically power-splitting hybrid drive 2 of a motor vehicle, said drive being 
depicted in the drawings and embodied as a so-called Dual-E transmission, substantially 
encompasses three drive units in the form of an internal combustion engine VM and two 
electric motors El and E2; two planetary stages PI and P2, downstream from electric motors 
El and E2, which are coupled via a multi-stage mechanical three-shaft shiftable transmission 4 
to a transmission output shaft AW leading to the wheels of the motor vehicle, and via two gears 
6 and 8 to a crankshaft KW of internal combustion engine VM; a shared control system 10 for 
all three drive units VM, El, E2; and separate control devices for internal combustion engine 
VM and the two electric motors El, E2, in the form of an engine control system 12 and two 
inverters 14 and 16, respectively. 

Crankshaft KW of internal combustion engine VM is connected via a two-mass flywheel 1 8 to 
the two gears 6 and 8. A freewheel 20 stabilizes the torques of electric motors El and E2 when 
driving electrically, i.e. when internal combustion engine VM is shut off, and prevents any 
backward rotation of internal combustion engine VM. Located in the vicinity of crankshaft KW 
25 is a rotation speed sensor 22 that measures the actual rotation speed n V M actual of crankshaft KW 
and delivers it as an input variable to motor control device 12. 

Drive shafts Al and A2 of the two electric motors El and E2 are each equipped with a brake Bl 
and B2 for mechanical braking of drive shafts Al and A2, respectively. Located in the vicinity 
of drive shafts Al and A2 is a respective rotation speed sensor 24 and 26 that measures the 
30 actual rotation speed n E i actua i and n E 2 actual of drive shafts Al and A2, respectively, and delivers 
it as an input variable to the corresponding inverter 14 and 16. 
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A further rotation speed sensor 28 disposed in the vicinity of transmission output shaft AW 
ascertains the latter's actual rotation speed n A w actual and forwards it to control system 10 (not 
described further) which receives as further input variables, in addition to the actual rotation 
speed n A w actual of transmission output shaft AW or alternatively the rotation speed of the 
5 wheels, at 30 the position of the accelerator pedal as an indication of the drive system power 
being requested, and at 32 the electrical power requested by an electrical system of the motor 
vehicle. 

From these input variables and on the basis of the coupling conditions of transmission 4, 
control system 1 0 calculates the target rotation speeds n V M setpoim, n E i setpoim, n E2 setpoim and target 

10 torques M V m setpoim, M E i setpoim, M E 2 setpoim of internal combustion engine VM and electric 

motors El and E2. Target torques M V m setpoim, Mei setpoim, M E2 setpoim can contain components to 
compensate for inertias in the context of dynamic operation. As described below, the target 
torques M V m setpoim, Mei setpoim, M E2 setpoim are used for pilot control by three subordinate 
decentralized rotation speed control loops in motor control device 12 and in the two inverters 

15 14, 16, and in the context of a cascaded manipulated variable limitation, fall within the limits of 
the maximum torque of the respective unit VM, El, E2 in order to provide manipulation 
reserves for rotation speed controllers 34, 36, 38 of the rotation speed control loops. 

A bus system 40 present in the motor vehicle is used to specify the target torques and target 
rotation speeds from control system 10 to motor control device 12 and to the two inverters 14, 
20 16. Rotation speed controllers 34, 36, 38 themselves, however, are not connected via a bus 
system, so that long signal transit times can be avoided and high bandwidths can be attained. 

Rotation speed controllers 34, 36, 38 in motor control device 12 and in the two inverters 14, 16, 
respectively, each encompass a comparison element 42 that receives as an input variable from 
the respective rotation speed sensor 22, 24, 26 the respective actual rotation speeds n V M actual, 
25 n E i ac tuai, n E 2 actual of crankshaft KW and of one of drive shafts Al, A2, and from control system 
10 the respective target rotation speed n V M setpoim, n E i setpoim, n E 2 setpoim; compares the 
target/actual pairs; and ascertains any system deviation e E i, e E 2, e V M, respectively. 

In addition to comparison element 42, rotation speed controllers 34, 36, 38 encompass a 
transfer element 44 that receives from comparison element 42 any system deviations evM, e E i, 
30 e E2 that may occur; calculates on the basis of those system deviations an additional torque M V m 
add, M E i add, M E2 a ddi and delivers it as an output signal to an actuator 46 to which the 
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corresponding target torque M E i setpoint, M E 2 setpoint, M V m setpoint is applied by control system 10. 
After addition of the two signals in actuator 46, the latter sets the cumulative torque M E i, M E 2> 
Mvm at the respective electric motor El, E2 and at internal combustion engine VM. Whereas 
upon occurrence of a system deviation evM, ^ei, or eE2 at any of units VM, El, or E2, an 
5 additional torque M V m add, M E i ad d, M E 2 add calculated on the basis of that system deviation evM, 
eEi, e E 2 is generally taken into consideration when controlling torque for that unit VM, El, or 
E2 at which the system deviation evM, e E i, or e E 2 had previously occurred, it is nevertheless also 
possible, in a kind of "state regulation system, 1 ' also to calculate, based on the system deviation 
evM> cei, e E 2 of a unit VM, El, E2, additional torques M E i add, M E 2 add, and M V m add for the 
10 respective other units El, E2, and VM, which torques are then taken into consideration, in 

addition to the target torques M E i setpoint, M E 2 setpoint, M V m setpoint calculated by control system 10, 
in controlling the torque of those units El, E2, and VM. 

Rotation speed controllers 36, 38 of electric motors El and E2 are embodied as P controllers or 
PD controllers, whereas rotation speed controller 34 of internal combustion engine VM is 

15 embodied as an I, PI, or PID controller. As a result of this latter feature, the rotation speed 
control loop of internal combustion engine VM is provided with an integral component that 
compensates for inaccuracies in controlling the torque of internal combustion engine VM, so 
that in steady-state operation, the actual rotation speed nvM actual of internal combustion engine 
VM will asymptotically approach the target rotation speed n V M setpoint- The system deviations e E i 

20 and e E 2 at electric motors El and E2 thus also approach zero. Electric motors El and E2 then 
establish approximately the target torques (M E i = M E i setpoint, M E2 = M E 2 setpoint)- With the target 
torques M E i setpoint and M E2 setpoint specified by control system 10, the specification for the 
electrical power fed into the vehicle's electrical system is then also complied with even in the 
event of inaccuracies in the friction conditions of transmission 4. 

25 Because all three units VM, El , and E2 are operated in rotation-speed-regulated fashion, two of 
them can become manipulated- variable limited without causing control over the system to be 
lost. For example, if both electric motors El and E2 were to become manipulated- variable 
limited as a result of a overvoltage or undervoltage modulation, internal combustion engine 
VM will continue to maintain the rotation speed link. 

30 The P components of rotation speed controllers 34, 36, 38 correspond, in their action, to 
rotation-speed-proportional mechanical dampers, and therefore counteract rotational 
oscillations of units VM, El , and E2 that may occur, for example, as a consequence of torsional 
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oscillations of two-mass flywheel 18. With the three subordinate rotation speed control loops, 
all three units VM, El, and E2 contribute to active rotational oscillation damping. Whereas the 
torque Mvm of internal combustion engine VM can be influenced only at the discrete ignition 
times, thus limiting the rotational oscillation damping by means of internal combustion engine 
5 VM to low frequencies, with electric motors in the form of three-phase motor with 

field-oriented regulation it is possible to achieve torque regulation times of less than 1 ms, so 
that in combination with suitable rotation speed sensors, higher frequencies can be damped. 
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Abstract Of The invention conc e rns ^ Disclosure 
A method for regulating an electromechanically power-splitting hybrid drive system (2)-of a 
motor vehicle, having an internal combustion engine (VM) and two electric motors (El, E2) 
that are coupled by way of a transmission (PI, P2, 4 ) , as well as an electromechanically 
5 power-splitting hybrid drive system (2)-for a motor vehicle. It is proposed that, based on 

coupling conditions of the transmission (PI, P2, 4 ) , respective target rotation speeds-fovM setpointi 
* »ei s otpointrftea se tpoind and target torques ( M VM se tpomtT^Ei se tpoint 7^ 4E2 se tpoint )-be calculated for the 
internal combustion engine (VM) and the two electric motors (El, E2) ; that the respective 
target rotation speeds-fovM setpoimrftEi setpointr^E2 setpoint) be compared with corresponding actual 

10 rotation speeds (n VM actuaiT^Ei actuai7^E2 Qctuai)-of the internal combustion engine (VM) and of the 
electric motors (El, E2) ; and that in the case of a system deviation (e¥M7-e&4-r«e3)-between one 
of the actual rotation speeds (fty M actuaiT^Ei aotuair^E2 QC tuai)-and the corresponding target rotation 
Speed-( fh/M se tpoint T ^El se tpointr^E2 se tpoint )? one or more additional torques (M VM addrM E i addr-Mga 
a44)-be calculated on the basis of the system deviation (evMre^r©€^)-^d be taken into account, 

1 5 in addition to the target torque or torques (M VM sotpointrMEi S et P oint^ : E2 G etpoint)-calculated by the 
control system-(±£), in controlling the torque of the internal combustion engine (VM) and of the 
two electric motors (El, E2) . 
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